We present grafting of polycarboxyphenyl polymer on the surface of multiwalled carbon nanotube (MWCNT) via a free radical polymerization and subsequent anchoring of the metal oxide nanoparticles for the evaluation of their potential applicability to supercapacitor electrodes. Here, metal oxide nanoparticles, Fe 3 O 4 and Sm 2 O 3 , were created after the oxidation of metal precursors Sm(NO 3 ) 3 and FeCl 2 , respectively, and attached on the surface of polycarboxyphenyl-grafted MWCNT (P-CNT) in aqueous medium. This approach shows a potential for enhancing the dispersion of Fe 3 O 4 and Sm 2 O 3 nanoparticles on the wall of P-CNT. The structure and morphological characteristics of the purified MWCNT, P-CNT, and metal oxide-anchored polycarboxyphenylgrafted MWCNT (MP-CNT) nanocomposites were studied by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and thermogravimetric analysis (TGA). The electrochemical performance of the purified MWCNT electrode, P-CNT electrode, and MP-CNT electrodes was tested by cyclic voltammetry (CV) and galvanostatic charge discharge in a 1.0 M H 2 SO 4 aqueous electrolyte. The results showed that the specific capacitance of the purified MWCNT was 45.3 F/g at the scan rate of 5 mV/s and increased to 54.1 F/g after the modification with polycarboxyphenyl polymer. Further modification of P-CNT with Sm 2 O 3 and Fe 3 O 4 improved the specific capacitance of 65.84 F/g and 173.38 F/g, respectively, at the same scan rate.
Introduction
With increasing the awareness for pollution control, industry and research centers around the world are searching for the possible alternatives to the development of renewable energy production for the replacement of fossil fuel [1, 2] . In this mission, supercapacitors can be an alternative to fulfill the rising demand of transferable power systems for electronics and automotive applications [3] . The two basic mechanisms for energy storage in supercapacitors are formations of electrical double layer (EDL) capacitance and pseudocapacitance [4] . The first one is a non-Faradic process in which charges are stored electrostatically via reversible ion absorption at the electrode electrolyte interface, while in the second type transformation of Faradic charge takes place at the electrode materials. Furthermore, supercapacitors store the energy in the electric field of the electrochemical double layer (Helmholtz Layer) at the electrode : electrolyte interface [5] . The positive and negative ionic charges within the electrolyte collect at the surface of the solid electrodes and balance for the electronic charge at the electrode surface. The concentration of the electrolyte and the size of the ions determine the thickness of the double layer in the range of 5-10Å [4] .
Demand of large supercapacitors with high voltage and improved energy and power density are under discussion for different applications [3] . Because of good thermal and chemical stability, high electrical conductivity, large surface area, porous structures, and long cycling stability of carbon nanomaterials, they are generally used as symmetric electrodes for EDL capacitors [5] [6] [7] . Furthermore, the specific surface area and functional groups of carbon nanomaterials impact the electrode performance. The electrode surface area can increase by using porous electrodes with an extremely large internal effective surface [6, 7] . Intercalation of natural graphite and subsequent microwave irradiation can increase the surface area of graphite nanoplatelets [8] . Microwave irradiation of graphite oxide [9, 10] is also an effective way to increase the surface area of graphene sheets and resulting porous material shows high capacitance. Carbon nanomaterials have been also used to improve electrical, thermal, and mechanical properties of polymer nanocomposites [11] [12] [13] [14] [15] . Multiwalled CNTs (MWNTs) showed limited specific capacitance, typically ranging from 10 to 100 F/g [4] [5] [6] [7] . Certain modification of MWCNT is essential to enhance the specific capacitance and energy density of MWCNT [16, 17] . Conducting polymers (e.g., polypyrrole, polyaniline (PANI), and polythiophene) [18] [19] [20] [21] and metal oxides (e.g., RuO 2 , Fe 2 O 3 , Bi 2 O 3 , MnO 2, and Mn 3 O 4 ) [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] are accepted for pseudocapacitors with relatively high capacitance. During the charge-discharge process in conducting polymers and metal oxide, the generation of positively charged sites on the polymer chains and metal oxides creates structural deterioration with inferior cycling stability which, in turn, lowers the electrical conductivity of electrode [17] . To overcome the abovementioned problems, an appropriate stoichiometric combination of metal oxides or conducting polymers with carbonaceous materials have been used for the development of efficient supercapacitors [18, 21] . Many CNT/metal oxides composites have been reported as the electrochemical electrodes, which showed remarkable capacitance, much higher than those of pure CNT or individual metal oxides due to the prevention of the nanoparticles and CNT agglomeration by the anchored metal oxide nanoparticles on the wall of CNT [25, 28, 29] . Furthermore, the electron transmission across the metal oxides can also be improved by the well conductivity of CNT [25, 28] .
Generally, an activated carbon electrode shows the rectangular shaped cyclic voltammogram (CV) as an ideal capacitor. RuO 2 and IrO 2 also have an almost rectangular shaped CV and exhibit good capacitor behavior [24] . However, the shape of the CV is not an outcome of pure double layer charging but of a sequence of redox reactions occurring in the metallic oxide. Zheng and Jow [22] observed a very high specific capacitance of up to 750 F/g for RuO 2 prepared at relatively low temperatures. Kim and Park [28] [18] showed the effects on amidation of carbon nanofiber and, consequently, the grafting of PANI to obtain high capacitance and good cycling stability.
The synergistic combination of outstanding conducting properties of carbonaceous materials and high pseudocapacitance of conducting polymers and metal oxide can amalgamate for the development of high-performance supercapacitors. Though supercapacitors of carbon-based materials with conducting polymers are in their growing state [18, 21] , there are not any reports that show the electrochemical properties of metal oxide decorated-conjugated polymergrafted-carbon nanomaterial composites. In this paper, a novel route to produce Fe 2 O 3 and Sm 2 O 3 particles-decorated polycarboxyphenyl-grafted MWCNT composite is developed at the first time by the grafting of polycarboxyphenyl group on the wall of MWCNT and subsequent oxidation of metal oxide precursor in an autoclave. Here, grafting of polycarboxyphenyl groups on MWCNT can not only develop long conjugated structure with MWCNT, but also reduce the aggregation of MWCNT. Furthermore, the anchoring of the metal oxide nanoparticles was assisted after grafting the polycarboxyphenyl group on the surface of MWCNT. The polycarboxyphenyl-grafted MWCNT leads to the development of a -conjugated system and such a type of conducting network may facilitate the effective transfer of the Faradic charge through the MWCNT network. Then, the effect of the covalent functionalization as well as metal oxide decoration was compared for the electrochemical performance of the composites.
Experimental
2.1. Materials. Acetonitrile, azobisisobutyronitrile (AIBN), 4-aminobenzoic acid, sodium nitrite (NaNO 2 ), hydrochloric acid, tetrabutyl ammonium tetrafluoroborate (NBu 4 BF 4 ), ammonium sulfate, potassium persulfate, samarium nitrate, ferrous chloride, sulfuric acid, and nitric acid were of analytical reagent grade (Sigma-Aldrich) and were used as received. Pristine MWNT (CM-95) was supplied by Hanwha Nanotech Co., Ltd. (Korea). To prepare solutions for the experiments, water was purified in a Milli-Q Plus water purification system (Millipore Co. Ltd., USA).
Synthesis of Polycarboxyphenyl-Grafted MWCNT (P-CNT).
Purified MWCNT was obtained after the treatment of pristine MWCNT with the mixture of concentrated sulfuric acid and nitric acid (1 : 1) and subsequent washing several times with deionized water. 4-Carboxyphenyl diazonium salt was prepared by diazotization as reported in our previous study [33] . Typically, the grafting of polycarboxyphenyl group on the wall of MWCNT was performed by dispersing 0.2 g of purified MWCNT in 40 mL of acetonitrile with continuous stirring for 4 h, and carboxyphenyl diazonium salt (1.0 g) and AIBN (0.15 g) were added at room temperature. The reaction mixture was stirred for 12 h at 60 ∘ C. Next, the reaction mixture was vacuum-filtered, washed with deionized water sufficiently, and finally dried in a vacuum oven at 70 ∘ C overnight. Here, the grafting of polycarboxyphenyl group on the MWCNT was controlled by adjusting the amount of diazonium salt in the synthesis medium. 
Synthesis of Metal Oxide-Anchored PolycarboxyphenylGrafted MWCNT (MP-CNT).
Metal oxide nanoparticles were decorated onto the P-CNT in an autoclave using solution process. The P-CNT (0.2 g) was mixed with the metal oxide precursor (2 g), oxidizing agent (2 g), and an excess of deionized water. The oxidizing agents, (NH 4 )S 2 O 8 and K 2 S 2 O 8 , were used for the oxidation of metal precursors, Sm(NO 3 ) 3 and FeCl 2 , respectively. The oxidation of metal precursors into metal oxides was performed in an autoclave along with P-CNT at 180 ∘ C for 5 h, and the resulting reaction mixture was filtered, washed with deionized water, and then dried in a vacuum oven at 70 ∘ C for 24 h.
Characterization of Purified MWCNT, P-CNT, and MP-
CNT. An X-ray diffractometer (Rigaku, Japan, with Cu KR ( = 1.540Å) radiation) was used to measure the XRD patterns of purified MWCNT, P-CNT, and MP-CNT. Thermogravimetric analysis of purified MWCNT, P-CNT,
Figure 2: TEM images of (a) purified MWCNT, (b) P-CNT, (c) P-CNT with Sm(NO 3 ) 3 , (d) Sm 2 O 3 nanoparticle decorated P-CNT, (e) P-CNT with FeCl 2 , and (f) Fe 2 O 3 particle decorated P-CNT.
and MP-CNT was performed using a sinco TGA N-1000 with a heating rate of 10 ∘ C/min under a nitrogen atmosphere. The morphological features of the electrode materials were observed with transmission electron microscopy (TEM, JEM-2100F, JEOL) and scanning electron microscopy (SEM, VEGA II SBH, Tescan). The sample for TEM measurement was prepared by ultrasonication of ∼0.01 mg/mL of the electrode materials in deionized water followed by dipping the TEM grid on colloidal suspension. Powder sample without dispersion in any solvent was used for SEM observation.
Electrochemical Measurements.
A conventional twoelectrode configuration was used to study the electrochemical behavior of the prepared electrode materials (purified MWCNT, P-CNT, and MP-CNT) by cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) measurements. Working electrode (cathode) was prepared by mixing 90% MWCNT, P-CNT, and MP-CNT individually with 10% Nafion solution as a binder. A small amount of isopropyl alcohol was added to obtain a more homogeneous dispersion. Then, the slurry was coated onto highly conductive hydrophobic carbon paper followed by a vacuum dry at 70 ∘ C for 24 h. The mass of the as-synthesized electrode materials coated on the electrode was about 1 mg. Activated carbon electrode was used as anode and aqueous H 2 SO 4 solution (1 M) was used as the electrolyte. The applied potential range for CV and GCD was kept in the limits from 0.0 to 1.00 V because the decomposition voltage of 1 M aqueous H 2 SO 4 electrolyte is ∼1.4 V.
Results and Discussion
Our approach covers the grafting of 4-carboxyphenyl diazonium salt on the wall of purified MWCNT to give carboxyphenyl-grafted MWCNT. The reaction of diazonium salt with the carboxyphenyl-grafted MWCNT and AIBN by free radical polymerization ultimately generated polycarboxyphenyl-grafted MWCNT (P-CNT). The carboxyl Journal of Nanomaterials group on the diazonium salt also assisted in the polymerization, leading to the development of a -conjugated system in P-CNT. Then, the P-CNT was subsequently reacted with the excess of metal precursors separately to produce a complex derivative on its surface, followed by oxidation of the metal precursor in the presence of oxidizing agent to form a MP-CNT composite (Figure 1 ). The morphologies of the surfaces, defects, and surface irregularities of purified MWCNT, P-CNT, and MP-CNT are the most important factors for evaluating the electrochemical properties. In this study, TEM and SEM were used to provide reliable and visual measurements about the surface morphologies of the electrode materials. Figure 2 shows the TEM images of the (a) purified MWCNT, (b) P-CNT, (c) P-CNT with Sm(NO 3 ) 3 , (d) Sm 2 O 3 /P-CNT, (e) P-CNT with FeCl 2 , and (f) Fe 2 O 3 /P-CNT. The sp 2 hybridization state of carbon in MWCNT was not changed due to the grafting of conjugated polycarboxyphenyl polymer. Obviously, the diameter of P-CNT was observed greater in Figure 2 (b) than the purified MWCNT in Figure 2 (a) as a proof of the grafting of polycarboxyphenyl polymer. In our previous study, we have already reported the mechanism of the formation of polycarboxyphenyl-grafted MWCNT with plausible structures by the grafting of diazonium compound for the development of enzyme-free biosensors [33] . The morphological feature of the P-CNT with metal precursor was changed after the treatment with oxidizing agent. Here, the fine distribution of Fe 2 O 3 nanoparticles was observed compared to Sm 2 O 3 nanoparticles on the surface of P-CNT. Figure 4 : EDX spectra of (a) purified MWCNT, (b) P-CNT, (c) P-CNT with Sm(NO 3 ) 3 , (d) Sm 2 O 3 nanoparticle decorated P-CNT, (e) P-CNT with FeCl 2 , and (f) Fe 2 O 3 particle decorated P-CNT. dense decoration of metal oxide nanoparticles on P-CNT was observed in Sm 2 O 3 /P-CNT compared to Fe 2 O 3 /P-CNT composite. Energy dispersive X-ray (EDX) analysis in Figure 4 confirms that only carbon and oxygen are present in the analysis of (a) purified MWCNT and (b) P-CNT. After the reaction with metal precursors, Fe and Sm were also observed in Figures 4(c) and 4(e) , respectively. The calculated atomic ratios of Sm to O in Figure 4 Figure 5(b) shows X-ray diffraction patterns of (A) purified MWCNT, (B) P-CNT, (C) P-CNT with FeCl 2 , and (D) Fe 2 O 3 nanoparticles decorated P-CNT. Except for the characteristic diffraction peak of MWCNT, we could not observe any additional peak in P-CNT with FeCl 2 , but P-CNT with Sm(NO 3 ) 3 showed sharp diffraction peak at 102. Probably, the difference in the interaction of different metal precursors (Sm(NO 3 ) 3 and FeCl 2 ) with P-CNT was responsible for showing such type of variation on the X-ray diffraction peaks. Furthermore, Fe 2 O 3 /P-CNT composite shows the diffraction peaks of Fe 2 O 3 at 220, 311, 222, and 400 [35] . Here, the broader size of the diffractive peaks of Fe 2 O 3 indicates that the crystalline size of Fe 2 O 3 particles is quite small. purified MWCNT did not lose major mass before ∼500 ∘ C, whereas P-CNT lost 16.3% mass in the two steps between 110 and 400 ∘ C and underwent a major mass loss (∼65 wt%) at ∼500 ∘ C. The mass loss of P-CNT below 400 ∘ C occurred due to the degradation of grafted polymer in MWCNT. Probably, the degradation of carboxyl group happened at the earlier stage and conjugated benzene rings at the later stage. Here, lower thermal stability of P-CNT than purified MWCNT was due to the grafting of long polymer chain on the wall of nanotube. Figure 6 (b) presents TGA thermograms of (A) purified MWCNT, (B) P-CNT, (C) P-CNT with FeCl 2 , and (D) Fe 2 O 3 /P-CNT. When we compared the TGA thermograms of MWCNT with metal precursor and metal oxide nanoparticles in Figures 6(a) and 6(b) , obviously thermal stability of the metal oxide particle decorated P-CNT was higher than P-CNT with metal precursor. Interestingly, the residue after TGA of Sm 2 O 3 /P-CNT and Fe 2 O 3 /P-CNT was observed to be ∼40% and ∼12%, respectively. The dense decoration of Sm 2 O 3 nanoparticles than Fe 2 O 3 on P-CNT was responsible for obtaining different nature of the TGA thermograms of Sm 2 O 3 /P-CNT and Fe 2 O 3 /P-CNT and that was also supported by the FESEM images in Figures 3(d) and 3(f) .
The electrochemical performances of the purified MWCNT, P-CNT, Sm 2 O 3 /P-CNT, and Fe 2 O 3 /P-CNT were analyzed using CV and GCD measurements. curves of P-CNT is larger than that of purified MWCNT, indicating a better capacitive response of P-CNT. The grafting of conjugated polycarboxyphenyl group on MWCNT was useful for enhancing the capacitance performance. Significant synergistic effect of polycarboxyphenyl polymer and metal oxide was observed in metal oxide decorated P-CNT. Interestingly, Fe 2 O 3 decorated P-CNT showed the largest capacity among all of the electrode materials without changing the shape of the CV profiles. Furthermore, P-CNT exhibited a much lower area of the CV curve than that of Fe 2 O 3 and Sm 2 O 3 decorated P-CNT, indicating the better capacitance performance of the metal decorated P-CNT nanocomposite. Moreover, the intimate interaction or strong charge coupling of Fe 2 O 3 with P-CNT arising from the chemical grafting provides a synergistic effect and results in enhanced accessibility of the electrolyte by every Fe 2 O 3 nanoparticle, leading to improving capacitance of the Fe 2 O 3 /P-CNT composites. On the contrary, dense decoration of Sm 2 O 3 on the P-CNT results in agglomeration of metal particles and also decreases the effective surface area of Sm 2 O 3 /P-CNT nanocomposite. As a result, the Sm 2 O 3 /P-CNT nanocomposite was the low specific capacitance. In this study, we could not observe any redox peaks in P-CNT and MP-CNT probably due to the sequence of redox reactions occurring in the conjugated polymer and metallic oxide decorated MWCNT nanocomposite [3, 25] . The area of the CV curves of Sm 2 O 3 /P-CNT and Fe 2 O 3 /P-CNT nanocomposites increased with increasing the scan rate from 5 mV/s to 15 mV/s as shown in Figures 7(b) and 7(c). Table 1 shows the specific capacitance of the purified MWCNT, P-CNT, Sm 2 O 3 /P-CNT , and Fe 2 O 3 /P-CNT electrodes from cyclic voltammograms at a scan rate of 5 mV/s. A Fe 2 O 3 decorated P-CNT composite electrode exhibited the highest specific capacitance (173.3 F g −1 ), almost 2.8 times higher than that of purified MWCNT electrode and 2.2 times higher than that of P-CNT electrode, indicating a significant synergistic effect of conjugated polymer and Fe 2 O 3 . The specific capacitance of the Fe 2 O 3 /P-CNT composites was superior to that of Sm 2 O 3 /P-CNT, probably due to the different nature of metal oxides and their different interaction properties with P-CNT. Figure 8 shows the GCD plots of (a) purified MWCNT, (b) P-CNT, (c) Sm 2 O 3 /P-CNT , and (d) Fe 2 O 3 /P-CNT electrodes at an applied constant current of 0.3 mA. It can be seen that the charge-discharge curves of the purified MWNTs were very symmetrical and had a triangular shape as shown in Figure 8(a) . This implies that the purified MWNT electrodes clearly had electrochemical double layer capacitive behavior [4, 16] . The P-CNT, Sm 2 O 3 /P-CNT, and Fe 3 O 4 /P-CNT composite electrodes also showed reversible charge-discharge process of the electrode. Compared to the other electrode materials, Fe 3 O 4 /P-CNT composite electrode showed the longest discharge time ascribed to the correct quantity of Fe 2 O 3 contributing reversible redox transitions relating the exchange of protons and/or cations with the electrolyte.
Conclusions
The grafting of polycarboxyphenyl group on MWCNT and decoration with Fe 2 O 3 and Sm 2 O 3 nanoparticles separately presented herein offer a promising and facile approach to prepare a new class of electrode materials. The TEM, SEM, EDX, TGA, and X-ray diffraction of electrode materials provide the evidences for the grafting of polycarboxyphenyl group on the wall of MWCNT and subsequent metal oxide nanoparticles decoration. Electrochemical test of the purified MWCNT, P-CNT, Sm 2 O 3 /P-CNT , and Fe 2 O 3 /P-CNT electrodes from cyclic voltammograms at a scan rate of 5 mV/s shows specific capacitance of 45.3 F/g, 54.1 F/g, 65.84 F/g, and 173.3 F/g, respectively. The remarkably highest specific capacitance of Fe 2 O 3 /P-CNT composite electrode compared to other electrodes is due to the grafting of the conjugated polycarboxyphenyl polymer on MWCNTs in the development of a -conjugated structure and proper decoration of P-CNT by Fe 2 O 3 nanoparticles for the charge transfer facilitation.
